In most vertebrate neurons, spikes initiate in the axonal initial segment (AIS). When recorded in 14 the soma, they have a surprisingly sharp onset, as if sodium (Na) channels opened abruptly. The 15 main view stipulates that spikes initiate in a conventional manner at the distal end of the AIS, 16 then progressively sharpen as they backpropagate to the soma. We examined the biophysical 17 models used to substantiate this view, and we found that orthodromic spikes do no initiate 18 through a local axonal current loop that propagates along the axon, but through a global current 19 loop encompassing the AIS and soma, which forms an electrical dipole. Therefore, the 20 phenomenon is not adequately modeled as the backpropagation of an electrical wave along the 21 axon, since the wavelength would be as large as the entire system. Instead, in these models, we 22 found that spike initiation rather follows the critical resistive coupling model proposed recently, 23 where the Na current entering the AIS is matched by the axial resistive current flowing to the 24 soma. Besides demonstrating it by examining the balance of currents at spike initiation, we show 25 that the observed increase in spike sharpness along the axon is artifactual and disappears when 26 an appropriate measure of rapidness is used; instead, somatic onset rapidness can be predicted 27 from spike shape at initiation site. Finally, we reproduce the phenomenon in a two--compartment 28 model, showing that it does not rely on propagation. In these models, the sharp onset of somatic 29 spikes is therefore not an artifact of observing spikes at the incorrect location, but rather the 30 signature that spikes are initiated through a global soma--AIS current loop forming an electrical 31 dipole.
INTRODUCTION

44
In most vertebrate neurons, action potentials are generated by the opening of sodium (Na) 5 / 30 exiting at the soma and returning through the extracellular space. During repolarization ( Fig.   138 3C), the soma--AIS dipole is inverted, with current flowing intracellularly from soma to AIS, and 139 extracellularly from AIS to soma.
141
It is important to notice that even though the intracellular spike appears at the soma after a 142 substantial delay following the axonal spike (Fig. 3D) , the electrical dipole forms very quickly 143 over the entire system (Fig. 3E ). This discrepancy is due to the fact that the soma has a large 144 capacitance and therefore a large charging time. Thus, the delay between the axonal and somatic 145 spikes is better understood as a charging time (as an electrode charging a cell) rather than a 146 propagation time.
148
The formation of the soma--AIS dipole at spike initiation manifests itself as negative extracellular 149 potential near the AIS (current entering the AIS) and positive extracellular potential near the 150 soma (current leaving the soma), as seen in Fig. 3E . Near the soma, this is followed by a negative 151 peak corresponding to the somatic spike, and a smaller positive peak corresponding to the 152 repolarization. Near the AIS, the negative peak is followed by a positive potential corresponding 153 to the somatic spike (inversion of the dipole) and the axonal repolarization. The sharpness of spike initiation is not only seen in the initial shape of action potentials. It also 163 appears in voltage--clamp (Fig.  4 ). In the same 3 models used in Fig.  2 , we recorded currents in 164 somatic voltage--clamp, with an ideal configuration (access resistance Rs = 0.1 MΩ), varying the 165 command potential from 1 mV below spike threshold to 5 mV above it (Fig. 3A ). This type of 166 recording can be challenging in practice because the pipette resistance introduces artifacts when 167 passing large currents (see Discussion), but this was not the case in these simulations. We notice 168 that recorded currents do not increase gradually with voltage, as when recording an isopotential 169 patch of membrane, but instead have all--or--none characteristics: there is no current 1 mV below 170 threshold (black), and a very large current (10--20 nA) just above threshold (red). Current 171 amplitude varies little, but latency decreases when command potential is increased. We can see 172 that this current mirrors the membrane potential in the distal AIS, where a spike is produced 173 (Fig. 4A, bottom) . Thus these currents recorded in somatic voltage--clamp correspond to axial 174 currents coming from the AIS.
176
Plotting the peak current as a function of command potential shows that the peak current 177 increases discontinuously when the voltage command exceeds a threshold value (Fig.  4B,  top) , 178 which is close to the voltage at spike onset measured in current--clamp (--60 mV, --58.2 mV and --179 62.2 mV in voltage--clamp vs. --59.7 mV, --56 mV and --65.3 mV in current--clamp, when dV/dt = 5 180 mV/ms). Blocking the somatic Na channels has no effect on this discontinuity (dotted orange).
181
This discontinuity in the current--voltage relationship corresponds to a discontinuity in the 
206
We then examined the balance of currents near threshold at the axonal initiation site (Fig. 5 ). In 207 all three models, the main current opposing the Na current (red) is the axial current flowing to 208 the soma (black), while the K current (green) becomes significant only near the peak of the 209 axonal spike. In this figure, transmembrane currents are summed over the AIS membrane, and 210 the axial current is measured at the soma--axon junction. Thus, at spike initiation, the initial 211 dynamics of the spike is determined by the interaction between the axial and Na current, rather 212 than between the K (mainly leak) and Na current. This reflects the fact that current flows 213 intracellularly between the two poles of the soma--AIS dipole ( Fig. 3 ). If follows in particular that 214 axial resistance rather than membrane resistance should determine excitability.
216
Excitability increases with intracellular resistivity 217 218 A consequence of this unconventional balance of currents is that the axial resistance between 219 the soma and initiation site has a direct and possibly counter--intuitive impact on excitability: if 220 axial resistance is increased, the neuron should become more excitable, despite the fact that the 221 electrotonic distance of the initiation site increases. Axial resistance is proportional to the 222 resistivity Ri of the intracellular medium. We therefore tested this prediction by manipulating 223 the intracellular resistivity Ri in the model (Fig.  6A ). When Ri is increased to 250 Ω.cm (orange) 224 compared to 150 Ω.cm originally (green), spikes are initiated at a lower voltage. Conversely, 225 when Ri is decreased to 30 Ω.cm, spikes are initiated at a higher voltage (light blue). When Ri is 226 decreased further to 1 Ω.cm, the kink at spike onset disappears (dark blue). In all these cases 227 except when Ri = 1 Ω.cm where the cell is essentially isopotential, spikes initiate in the axon.
/ 30
The same effect is seen in somatic voltage--clamp ( Fig. 6B ): the discontinuity in current is seen at 230 increasingly higher voltages as resistivity decreases. These curves also demonstrate another 231 feature of resistive coupling: as resistivity decreases, the peak current increases. This occurs 232 because the resistive current is inversely proportional to resistance, by Ohm's law. Thus, as 233 resistivity increases, the neuron becomes less excitable (higher threshold) but the axon 234 transmits a larger current at initiation.
236
Finally, when intracellular resistivity is decreased further (Fig.  6B,  dark Fig.  7A ). Accordingly, the axial current is the main current opposing the 267 Na current at the initiation site, meaning that the soma is a current sink for the initiation site, 268 which is not the case with the uniform axon, where the axial current is small ( Fig. 7D ). 
281
2F therein), all the more than it generally corresponds to only a few data points. However, in 282 models where morphological parameters are varied over several orders of magnitude, this 283 choice of dV/dt can be important. Fig. 8A (left) shows the phase plot of a spike in the simple 284 model, for a somatic area of 3,000 µm 2 (grey) and 10,000 µm 2 (orange). It appears that the phase 285 plot is linear around different values of dV/dt in the two cases (25 mV/ms and 60 mV/ms).
286
When measured in the linear region of the phase plot, phase slope is similar in the two cases (40 287 and 50 ms --1 ). But when measured at the same value of dV/dt, phase slope can be very different 288 in the two cases: at 20 mV/ms, it is about 3 times larger with the larger soma than with the 289 smaller soma (Fig. 8A, right) . This is artifactual because the measurements are done in different 290 parts of the spike. Therefore, we defined onset rapidness as the phase slope in the linear part of 291 the phase plot, which corresponds to the maximum phase slope of the first component of the 292 phase plot.
294
To isolate the contribution to onset rapidness due to the axonal current, in the following analysis 295 we removed somatic Na channels from the models. As is shown on Fig.  8B for a somatic area of 296 10,000 µm 2 (left), the presence of somatic Na channels makes a small but significant difference 297 in onset rapidness (39 ms --1 with and 53 ms --1 without). theoretical prediction is satisfied in this model (50 ms --1 vs. 53 ms --1 ). In addition, the theory 9 / 30
We examined the simultaneous recordings of a spike in the soma and AIS bleb shown in (Yu et 324 al. 2008 ) so as to test the theoretical prediction. Fig.  8D shows the digitized phase plots of the 325 spike measured at the two sites. In the soma (orange), onset rapidness was about 25 ms --1 . In the 326 AIS (blue), the phase plot was nearly linear in the rising phase, with a slope of 23 ms --1 (note the 327 different vertical scale). This match supports the resistive coupling hypothesis.
329
Thus, neither active backpropagation nor capacitive effects of the somatodendritic compartment 330 sharpen spikes. Rather, the same value of maximum rapidness is reached at a lower voltage in 331 the soma than in the axon. In fact, not only are spikes not sharpened by propagation, but their 332 maximum slope (dV/dt) is in fact scaled down as they approach the soma (Fig. 8B, right 
336
Active backpropagation is not necessary for sharp spike initiation 337 338
We have seen that active backpropagation is not sufficient for sharp spike initiation. We next 339 show that it is also not necessary ( decreases when Na channels are placed further away, and peak axonal Na current also decreases 350 with increasing distance. Thus the neuron is more excitable when Na channels are placed further 351 away, but the axonal current transmitted to the soma is smaller. These two features are 352 predicted by critical resistive coupling because the resistive axo--somatic current is smaller when 353 Na channels are further away, so that a smaller Na current is required to trigger a spike, and a 354 smaller resistive current is transmitted to the soma (Brette 2013). Despite these quantitative 355 variations with the distance of the initiation site, the sharpness of spike initiation is unaffected 356 by the exact distance: except when Na channels are very close to the soma, somatic onset 357 rapidness is essentially independent of Na channel distance, around 70 ms --1 (Fig. 9C ). This value 358 is also close (in fact slightly higher) to the value obtained when Na channels are distributed 359 across the AIS (about 50 ms --1 ). Therefore active backpropagation is not necessary to produce 360 sharp spikes, and in fact does not contribute in making spikes sharper.
362
Sharp somatic onset is reproduced by a model with two resistively coupled compartments 363 364 Finally, we designed a minimal two--compartment model that displays these features ( Fig.  10A ).
365
The model included only Na and K channels with voluntarily highly simplified kinetics, with between the initiation site and the soma increase spike onset rapidness. We have shown that 401 entirely suppressing those currents has no effect on somatic onset rapidness. It has also been 402 proposed that spike onset rapidness is further increased by the capacitance of the 
412
Our analysis supports a biophysical explanation based on resistive coupling between the soma 413 and the initiation site, where the soma effectively clamps the voltage at the start of the axon at 414 spike initiation. According to this account, and as we have shown in these models, the main 415 current opposing the Na current at spike initiation is not the transmembrane K current (i.e., 416 mostly the leak), but the axial resistive current between the soma and initiation site. As a result, spikes initiate by the soma and AIS forming an electrical dipole, with current flowing between 418 the two poles and charging the soma. Therefore, the phenomenon is not well modeled by the 419 propagation of an electrical wave, since its wavelength would be the entire system. The 420 observed delay between axonal and somatic spikes is thus better understood as a charging time 421 than a propagation delay. One implication is that spike initiation is not a local axonal event, and 422 therefore its characteristics are determined by the properties of the soma--AIS system, in 423 particular its geometry. Specifically, the sharpness of spike initiation arises from the geometrical 424 heterogeneity of that system. In a simplified two--compartment model representing the soma--AIS 425 dipole, it was previously shown that spikes are initiated abruptly if the product of axial 426 resistance and maximum Na conductance exceeds a critical value (Brette, 2013). (Brette, 2015) . Finally, the comparison of somatic onset rapidness and 499 axonal phase slope also matches theoretical predictions (Fig.  5D) , although more experimental 500 recordings would be required to test these predictions.
502
To test the critical resistive coupling theory more directly, one would need to manipulate the 503 axial resistance between soma and initiation site. The neuron should be more excitable when 504 axial resistance is increased, but the current transmitted to the soma should decrease. If the 505 resistance were decreased very substantially, spike initiation should become smooth instead of 506 sharp. We list here several experimental possibilities, chemical and mechanical, although none is 507 particularly easy to perform. Intracellular resistivity could be changed by manipulating the ionic 508 composition of the intracellular medium. This is difficult because it must be compensated by 509 corresponding changes in the extracellular medium to preserve osmotic equilibrium, without 510 disturbing reversal potentials, but the extracellular and intracellular media cannot be modified 13 / 30 simultaneously. In a similar way, extracellular resistance could be manipulated: although 512 typically neglected in models, it has the effect of increasing the total axial resistance. For 513 example, Hodgkin demonstrated that conduction velocity decreased when the axon was 514 immersed in oil, which reduces the water volume around the axon to a thin layer (Hodgkin, 515 1939). A similar experiment could be done to test changes in excitability. Another idea is to use 516 osmotic pressure to change the diameter of the axon, thereby changing total axial resistance.
517
However, it is possible that the dense cytoskeleton of the AIS provides rigidity so that changes in 518 shape might be limited to the soma. Finally, pinching the base of the axon with two glass pipettes 519 would increase axial resistance, and it has been done with dendrites (Bekkers and Haüsser, 520 2007). All of these experimental ideas are challenging, but not impossible in principle.
522
In conclusion, biophysical modeling and experimental evidence support the notion that, in 523 neurons with an AIS, normal (orthodromic) spike initiation results from the interplay between 524 the Na current and the resistive axial current flowing between the AIS and soma, rather than 525 between local transmembrane Na and K (leak) currents as in somatic and ectopic initiation (in 526 an axon far from the soma). This means that the mechanism of spike initiation is not local to the 527 axon, but rather occurs through the formation of a resistively coupled soma--AIS dipole. This 528 situation occurs because of the large variation in geometry and biophysical properties over a 529 small spatial scale. Accordingly, at least in the biophysical models that we have examined, the 530 kink at somatic spike onset results from strong coupling of the soma--AIS system, rather than 531 from an artifact of somatic recording. The simple model consists of an axon modeled as a cylinder of length 50 µm and diameter 1 µm, 547 and a soma modeled as a cylinder of variable length and diameter (the bleb and dendrite were 548 not included unless stated otherwise). In Fig.  2  and  6 , the soma has diameter 20 µm and length 549 30 µm. In Fig. 4 and 5, soma size was varied with equal length and diameter. In one case (Fig. 4C --550 D), we kept the dendrite of length 3000 µm and diameter 5 µm (60 segments).
551
The first morphologically detailed model (Yu et al., 2008) Passive properties were set as in (Yu et al., 2008) : specific membrane capacitance Cm = 0.75 561 pS/µm 2 , intracellular resistivity Ri = 150 Ω.cm, specific membrane resistance Rm = 30,000 Ω.cm 2 , 562 leak reversal potential EL = --70 mV, membrane time constant τ = 22.5 ms. In the simple model, 563 Na conductance densities were 8000 pS/µm 2 in the axon, 0 or 800 pS/µm 2 in the soma and 20 564 pS/µm 2 in the dendrite. In the morphologically detailed model, Na conductance densities were 565 8000 pS/µm 2 in the hillock and in the axon initial segment, 800 pS/µm 2 in the soma and 100 566 pS/µm 2 in dendrites. In the simple model, we only included Na and potassium channels; in the 567 morphologically detailed model, we used all the channels present in the original model. Detailed 568 channel kinetics and properties of other channels are described in (Yu et al., 2008) . 569 570 In Fig. 9 we moved all channels involved in spike generation (Na and potassium) to a single 571 compartment while maintaining the same total conductance. As the initial segment consists of 572 10 compartments, this corresponds to multiplying conductance densities by 10 in the target 10,000 µm 2 ) and a small soma (gray, 3,000 µm 2 ). The phase plot is linear (corresponding to 772 locally constant phase slope) around dV/dt = 25 mV/ms in the former case and around 60 773 mV/ms in the latter case. Maximum phase slope is similar in both cases (39.3 and 49.5 ms --1 ). B, 774 Left: phase plot for a large soma (10,000 µm 2 ). The presence of somatic Na channels slightly 775 decreases onset rapidness (orange, slope: 39 ms --1 ). Without them, onset rapidness is 52.6 ms --1 . 
